A micromachined electrometer, based on the concept of a variable capacitor, has been designed, modeled, fabricated and tested. The electrometer has an equivalent noise floor of 245e/ √ H z, which is over two orders of magnitude better than the best line of commercial instruments currently available for room temperature and ambient pressure operation. As with all other capacitive MEMS applications comprising both mechanical and electrical domain subsystems, system-level equivalent circuit simulation cannot be implemented in most commercial circuit simulators for they do not accept in-line equations for a variable capacitor. This paper uses a voltage source representation method creating a nonlinear time-domain variable capacitor model in SPICE. We show that a circuit model can be realized for any arbitrary nonlinear capacitive MEMS element for embedded co-simulation with interface electronics. The results in the case of a variable capacitor based MEMS electrometer are in good agreement with experimental data. This simple technique is proposed as a method to provide the missing link in aiding design optimization of both electro-mechanical structures and sensor electronics within the same simulation interface.
Introduction
Electrometers are instruments used to measure charge and have found widespread applications in radiation detection and mass spectrometry. At present, cryogenically cooled single electron transistors [1] are considered to be the best electrometers, with reported noise levels of 10 −5 e/ √ H z. Sub-electron charge resolution has also been achieved using nanomechanical torsional beam structures, in which the measured input charge induces a shift in the natural frequency of the torsional beam [2] . More recently, other detection techniques using clamped-clamped beam resonators with similar reported noise levels have also been demonstrated [3] . Although capable of very high sensitivity, these techniques require extremely low temperatures (<4.2 K) to achieve sub-electron resolution or better. Work on small scale electrometers functioning under room temperature and ambient conditions has been limited, although a technique based on the macroscale size vibrating reed capacitor [4] implemented as a micromechanical device shows great promise [5, 6] . This concept uses a balanced comb resonator that modulates a dc charge input to an ac voltage output with primary frequency components above the noise corner of the interface electronics, allowing for improved resolution while operating at room temperature ambient. Our work seeks to develop and extend this concept further.
A simulation interface that combines full mechanical and electrical components is a useful aid to performance modeling of the entire system and optimizing the design of both electromechanical structures and sensor electronics. Equivalent circuit representation has been developed for this purpose before for both capacitive micromechanical accelerometers [7] and gyroscopes [8] . However, in general, the entire microsystem which includes the MEMS, capacitor interface and detection electronics cannot often be entirely implemented in a user-friendly simulation environment simultaneously, because few circuit simulators accept in-line equations for a time-domain variable capacitor [9] . This paper utilizes a novel and simple equivalent circuit representation method to create a nonlinear time-domain variable capacitor model in SPICE, and applies this successfully to simulate the behavior of the MEMS electrometer. The simulation results this obtained are found to be in good agreement with experiment.
Basic concept and design
As shown in figure 1 , the charge to be measured is input to a fixed electrode that forms a parallel-plate variable capacitor. The variable capacitor is comprised of an array of electrodes extending from a movable shuttle suspended by flexural beams that are anchored at one end and guided by the shuttle at the other end, interjected by the fixed electrodes to form a parallel array of capacitors. The variable capacitor is harmonically driven using comb drive actuators, which provide a drive force that is nominally independent of the displacement. This driving force is a function of only the drive voltage and actuator geometry. Figure 2 shows the balanced comb structure used for the sense electrodes. In this configuration, the movable electrode is sandwiched between a fixed electrode on each side, with the same nominal gaps. For such a structure, the time-modulated capacitance is given by
where C 0 is the nominal value of the variable capacitor, g is the gap between the sense electrodes of the variable capacitor and x(t) is the shuttle displacement. Ignoring frequency components beyond the second harmonic, the voltage induced on the variable capacitor C V can be written as
where C p is the total parasitic capacitance to ground at the input,x is the shuttle vibration amplitude and ω is the modulating drive frequency of the shuttle. As illustrated in equation (2) , the charge is modulated from dc to a voltage output with frequency components at dc and at twice the modulation frequency of the variable capacitor, a unique characteristic of the balanced comb structure. Detection is carried out at twice the modulation frequency to suppress electrical drive feedthrough interference. The RMS magnitude of this second harmonic component of the output voltage varies linearly with the input charge and is given by the expression
This slope which relates input charge to output voltage is termed as the conversion gain of the electrometer, a figure of merit whose optimization improves instrument resolution. Figure 3 shows a circuit schematic for the electrometer system. Detection at the second harmonic has the benefit of rejecting substantial signal feedthrough from the electrodes used to drive the movable shuttle, which could potentially obscure small signal levels at the sense input, thus limiting the performance of the electrometer. The extent of drive feedthrough rejection at the second harmonic relative to detection at the modulation frequency depends on the second harmonic distortion of the drive signal, and is usually of the order of −60 dB. Furthermore, by monitoring the output at a higher frequency well above the noise corner frequency of the input buffer JFET (U440), enhanced resolution may be achieved. JFETs are used for the input buffer as these active devices have ultralow noise levels at the input (4nV / √ H z), comparatively low input current leakage, and very high input impedance, all of which are necessary for the optimum performance of the electrometer. The output of the JFET buffer is then further amplified by an instrumentation amplifier (AD624). Table 1 shows the important design parameters for the electrometer. As part of the design process, a modal analysis was carried out on the mechanical structure with a primary resonant frequency at 6034.9 Hz and the second resonant mode frequency at 14 827.1 Hz, indicating good motional stability.
The devices were fabricated with a commercial multi-user SOI MEMS process through MEMSCAP in which structures are released by etching through the back of the substrate. Figure 4 is an SEM image of the micromachined variable capacitor.
System modeling

Equivalent circuit model of resonator
In the operating mode, the shuttle is excited with electrical force F. Assuming linear springs and damping, the basic 
where m is the shuttle mass, b is the damping coefficient and k is the spring constant. The shuttle is driven electrostatically by a push-pull driving combs as shown in figure 1 . The driving voltages applied to electrodes placed on either side of the shuttle are
The resultant driving force is
where ∂C d /∂x is defined by the drive comb geometry. The mechanical motion of the shuttle represented by equation (4) can be modeled by a suitable transformation to a series inductor-capacitor-resistor (LCR) resonant circuit described by the following equation:
Here V x is used to represent the motional displacement x, which means a shuttle displacement of 1 M is modeled by an output voltage of 1 V. thus defines the relationship between the voltage and current between nodes 1 and 2:
If the integral of the current I (t) and the expression of C(t) are known, the capacitor can be represented by a voltage source, whose value is equal to the integral of the current divided by the value of C(t) as shown in figure 6(a). As the integral of current cannot be directly obtained, auxiliary integrating circuits are used ( figure 6(b 
)). C(t) in turn can be represented
Shuttle motion equivalent circuits Auxiliary integrating circuits Variable C Sense circuits Figure 7 is the electrometer system equivalent circuit block diagram based on the LRC circuit representation approach for mechanical structures together with the voltage source representation model for the variable capacitor. The block in figure 7 (a) comprises the equivalent LRC circuits which correspond to the harmonic motion of the shuttle, abstracted from the circuit in figure 5 . The block in figure 7(b) contains the time-domain variable capacitor representation circuits, which can be included with the sense circuits in the final block shown in figure 7 (c). Blocks (a) and (b) are connected by the shuttle modulation displacement x(t) to define the expression f of variable capacitor (equation (1)). The effects of the electrical feedthrough from the drives can be easily accounted for in the simulation model by putting a feedthrough capacitor C f between the ac voltage source and sense block (c). Thus, the electrometer system is fully modeled as a 'Black box', the net inputs of the 'Black box' include the input charge Q, dc and ac drive voltages on the actuation comb drives, while the output is just the voltage V out with frequency components at dc and at twice the modulation frequency of the variable capacitor in addition to the drive feedthrough via C f , which in turn can be input to a further circuit block, e.g., lock-in amplifier. Figure 8 shows the equivalent circuit schematic of the electrometer including blocks (a, b and c) in figure 7 . Voltage on node 2 represents the shuttle motional displacement x. Using the data in table 1 and the relationship in table 2 , the following SPICE code was written to describe the shuttle motion: The variable capacitor is represented by a nonlinear voltage controlled voltage source E c , whose value is controlled by the voltage on nodes 2 and 6. Because the integral of current through a capacitor cannot be directly obtained, an auxiliary integrating circuit is used: a dummy voltage source Vc routes the current into a 1 farad capacitor, and the voltage on node 6 represents the integral of current through the variable capacitor (the numerator of the equation (7). Based on equation (7) and capacitor expression f equation (1), the variable capacitor SPICE code is Ec 9 0 VALUE = {V(6)/f (V(2))} Vc 8 9 0 Gc 0 6 VALUE = {I(Vc)} Cc 6 0 1.
Combining mechanical-electrical system simulation
VALUE is an advanced SPICE command, which allows a relation to be described by a mathematical expression. The behavior of the electrometer system can then be simulated by integrating the above code into a larger code describing the full system. Vq is the charge input voltage and Cq is the charge input capacitor, so the input charge can be induced on node 8 by simply connecting Cq to node 8.
Results and discussion
The microfabricated device was tested in a Suss Microtek probe station. Charge was induced on the sense electrode by applying a step voltage using a Keithley 2400 source meter to the charge input capacitor (Cq: 0.5 pF), with one plate connected to the source meter, and the other to the input node of the electrometer. The output of the sense circuit was monitored on an Agilent Infiniium oscilloscope. The system is first simulated with SPICE AC analysis to find the resonant frequency of shuttle motion. Figure 9 (a) illustrates the frequency response of shuttle motion. The resonant frequency is 5.84 kHz and the peak of motion amplitude is 1.54 µm. At this resonant frequency, the transient characteristic is shown in figure 9(b) . Following this, the full circuit behavioral characteristic in figure 8 can be implemented.
Figures 10(a) and (b) show the measured output spectrum for an applied equivalent input charge of 1.25 pC and 12.5 pC, respectively. Figure 10(c) shows the FFT spectrum of the electrometer output as obtained through SPICE model simulation. Both experimental and simulation results show two harmonic signals. The first harmonic component at 6 kHz is due to feedthrough from the drive electrodes, and the second harmonic component at 12 kHz is primarily a function of the modulated dc charge at the sense combs. The peak of the second harmonic in figure 10(b) is higher than that in figure 10(a) due to further addition of charge on the input node. This change in the second harmonic is also reflected in the simulation results of the SPICE model shown in figure 10(c). Figure 11 shows the relationship between output voltage and input charge derived from both SPICE simulation and experimental results, demonstrating good agreement.
The slope of the best fit line in figure 11 defines the linear scale relating output voltage to input charge and has a measured value of 1.273 × 10 10 V C −1 . This scale includes an input to output voltage-voltage gain of 125 from the instrumentation . This value corresponds to the expression given in equation (3), and represents a figure of merit for the electrometer. As the charge resolution of the electrometer is primarily limited by the thermal electronic noise of the input JFET, a large conversion gain is desirable. The equivalent electron noise floor can be inferred for a known measured conversion gain (dV /dQ) and is given by
e n (8) where e n denotes the input-referred noise for the input JFET (4nV / √ H z). Based on equation (8), the equivalent electron noise resolution at room temperature and pressure was found to be approximately 245e/ √ H z. This noise figure is at least two orders of magnitude better than the best commercial instruments currently available.
Equation (3) shows that the conversion gain is a function of the ratio of the variable capacitor's sense capacitance to the parasitic capacitance to ground at the input node. For a fixed value of parasitic capacitance to ground, the conversion gain is a maximum when the parasitic capacitance is equal to the sense capacitance. This maximum value of conversion gain is increased as the parasitic capacitance term reduces towards zero. Since it is possible to design the variable capacitor such that the two are matched, maximizing the conversion gain requires the minimization of the parasitic capacitance to ground at the input node as can be practically realized.
Conclusion
A micromachined electrometer based on the concept of a variable capacitor has been fabricated through an SOI multi-user MEMS process, and has an equivalent electron noise floor of 245e/ √ H z tested at room temperature and ambient pressure. This resolution is significantly better than commercially available instruments by at least two orders of magnitude. Tighter integration of the interface electronics with the variable capacitor will further reduce the parasitic capacitances to ground at the input node, thereby improving the charge resolution.
A system-level simulation model of the electrometer has been established, consisting of an equivalent circuit model representation for the shuttle in motion, a time-domain variable capacitor SPICE model and sensor interface circuits. The circuit simulation yielded results in good agreement with those observed empirically. This novel and simple method allows any variable capacitor based sensor, regardless of behavioral complexity, e.g. capacitive accelerometer and gyroscope, to be simulated in SPICE requiring only a change in the functional form for the capacitor. We hence present a powerful tool that allows a fully combined simulation of both mechanical and electronic systems for studying MEMS.
